Phytoremediation technology is emerging as a promising environment-friendly method for large-scale cleanup of arsenic (As) contaminated water and soil. In this study we investigated the effect of arbuscular mycorrhizal fungi (AMF -Glomus spp.) on the growth of the vetiver grass (Chrysopogon zizanioides L.) and its As uptake from contaminated hydroponic and soil systems.
Introduction
Arsenic (As) contamination of the environment is a global concern, which poses potential environmental and human health risks. Various anthropogenic activities such the use of arsenical herbicides and pesticides, mining, waste disposal and atmospheric deposition result in As contamination of water and soil . Arsenic remediation is largely done using conventional technologies, because of their relative insensitivity to the heterogeneity of the contaminated systems. Moreover, these technologies are applicable over a wide range of oxygen, pH, pressure, temperature, and osmotic potentials ). Disadvantages of the conventional techniques include high expense and time requirements, potential hazard to workers and production of secondary wastes that may not be environmentally friendly. Out of these, cost is the major reason for the current interest in development of alternative remediation technologies, such as phytoremediation (Bhattacharya et al. 2002) . Phytoremediation technology is emerging as a promising, environment-friendly method for large-scale cleanup of As-contaminated water and soil (Wong et al., 2007) . Phytoremediation is a solar-driven, inexpensive technology; and hence might be suitable for cleaning up widespread As contamination (Srivastava et al., 2011) . For successful phytoremediation, it is crucial to select an appropriate pioneer plant species for site reclamation and ensure a selfsustainable vegetative cover. Vetiver grass (Chrysopogon zizanioides L. Roberty), a native grass of India is capable of tolerating harsh environmental conditions such as drought, salinity and metal (loid)s contamination (Pang et al., 2003) . Vetiver is a fast-growing, perennial plant. Owing to its morphological, physiological and ecological characteristics (Dalton et al., 1996; Truong, 2000) and its tolerance to a wide range of abiotic stress, such as High background As in soil (Chen et al., 2000; Truong, 2000) , interest in this grass has increased in the last decade. It seems that vetiver grass will become one of the main the biological systems for soil and water conservation in the 21 st century (Truong, 2000) . A greenhouse study on the phytoremediation potential of vetiver grass in different Ascontaminated soils was recently carried out by Datta et al. (2011) , who found a significant As uptake by vetiver grass, which was strongly affected by the soil physico-chemical properties.
In addition to soil properties, As uptake by fastgrowing plants such as vetiver grass can be also influenced by soil microorganisms closely associated with plant roots to form a rhizosphere community, such as the arbuscular mycorrhizal fungi (AMF) (Smith and Read, 1998; Gaur and Adholeya, 2004; Pigna et al., 2014) . These fungi have been largely studied because of their ability to enhance plant wellness under abiotic stress (e.g., As-contamination) (Leyval and Joner, 2001; Cozzolino et al., 2010) , although their effectiveness depends on different factors, such as plant species, fungal species/ecotypes and soil chemistry (Li and Feng, 2001 ). Some literature is available on the role of mycorrhizae in As uptake by Chinese Brake fern (Pteris vittata ), a well known As hyperaccumulator (Liu et al., 2005; Leung et al., 2006) . However, Effect of arbuscular mycorrhizal fungi there is a lack of detailed investigations on the response of vetiver grass to AMF inoculation when grown in As-contaminated environments. Therefore, the present study was carried out in order to investigate the effect of AMF inoculation on the growth and As uptake of vetiver grass (Chrysopogon zizanioides L.) from contaminated hydroponic and soil systems.
Materials and Methods

Experimental design
This study consisted of vetiver grass grown both hydroponically in half strength Hoagland solutions spiked with As (experiment I) and in plastic columns containing As-spiked soils (experiment II), inside a glasshouse with controlled light regimen, temperature (23 to 28 °C), and humidity (55 to 62 %). Vetiver plants were bought from Florida Farms and Nurseries, St. Cloud, FL. They were initially allowed to acclimatize for 2 weeks in plastic pots, 30 cm deep, containing tap water. Subsequently, they were transferred into two containers filled with half strength Hoagland solution consisting of 0.0676 g of KH 2 PO 4 , 0.253 g of KNO 3 , 0.59 g of Ca(NO 3 ) 2 · 4H 2 O, and 0.20 g of MgCl 2 · 6H 2 O per liter. In one of these containers a plentiful source of AMF for root plants was also provided by disposing, on its bottom, some Petri plates containing nutrient agar medium, in which AMF spores were allowed to grow for 2 days at 35 °C in an incubation chamber. Vetiver seedlings were settled on the agar plates, with the roots touching the AMF-containing agar and allowed to grow into this container for 4 weeks. The AMF spores were purchased from Garden-Ville, Austin, TX, USA. The product was composed of 3 species: Glomus intraradices, G. mosseae and G. aggregatum, blended so that the 3 species are included in equal proportion (20,000 propagules of each). The carrier was 90 % of Montmorillonite clay and 10 % of Quartz, a porous material where the mycorrhizae can impregnate the small spaces. A separate set of vetiver were also grown for 4 weeks on nutrient agar without any AMF in Hoagland's solution to provide a control set with general microbial population free of Glomus spp. spores. After four weeks in contact with the AMF, 3 cm of root samples were collected to define the rate of inoculation. Root samples were stained using aniline blue dye according to Hebert et al. (1999) . A mycorrhizal inoculum percentage (MIP) bioassay was carried out according to Sylvia (1994) . The total number of visible cells and the number of infected cells were counted. The rate of infection (%) was obtained by dividing the inoculated cells by the total cells and was to be, on average, 58%. Therefore, an acceptable number of vetiver roots was found to be colonized by the AMF inoculum containing Glomus spp. In addition to the hydroponic experiment, AMFinoculated (M+) and AMF-non-inoculated (M-) vetiver plants were also transplanted into plastic columns containing As-spiked soils and allowed to grow for 4 weeks. The bottom of each column was filled with play sand in order to facilitate water flux into the soil during leaching operations (leachate samples were collected and analyzed each week). The experimental design consisted of a completely randomized factorial block design; treatments consisted of 4 rates of As into soil [0 (0 mg kg Table 1 . Briefly, the soil of this area primarily consist of unconsolidated deposits of sand with some clay, silt and gravel. The soil was a sandy podsol of the Lakehurst and Woodmansie soil series, which is acidic, with low organic matter content, and very low fertility. Sodium hydrogenarsenate heptahydrate (Na 2 AsO 4 · 7 H 2 O), purchased from Sigma-Aldrich, USA, was used as the As source, in order to spike the Pineland soil at concentrations of 0, 12.5, 25 and 50 milligrams of As per kilograms of dry soil. Each treatment had 3 replicates. 2.1.3. Harvest and sample collection The vetiver plants of both Experiments I and II were harvested and then separated into roots and shoots (stems plus leaves) by a sharp blade. Fresh tissues were weighted, washed with tap water, rinsed twice with deionized water then dried to a constant weight in the oven for two days at 70 °C. The dried tissues were also weighed and then finely ground before analyses. Table 1 . Physical and chemical properties of the As-uncontaminated Pineland soil Table 2 . The root, shoot and total biomass of vetiver grass (Chrysopogon zizanioides L.) grown in As-contaminated hydroponic solutions at harvest time Data are expressed as mean values ± SD (n = 3) and have been analyzed by two-way analysis of variance. Mean values followed by the same letter within columns are not significantly different by Tukey's test at the 5% level. Total biomass is the sum of the root and shoot biomass. The As 0, As 150, As 300 and As 500 refer to As concentrations of 0, 150, 300 and 500 µM L -1 , while the M + and M-refer to the presence or absence of AMF.
* The relative change (%) in root, shoot and total biomass was calculated by dividing the M -treatment by the M + treatment for each As level (e.g., reduction in root biomass of As 0 M -treatment (100 -(4.29/4.53 x 100) = 5.1 %). shaker at 200 rpm. The extract was filtered through a 0.22 µm filter. The extraction was repeated one more time using the residual tissue, and the extract was filtered. The filtrates from the two extractions were combined, and the final volume was made up to 10 mL with deionized water. All extracts were assayed using a Bio-Rad Benchmark Microplate reader. Chlorophyll A and B concentrations (mg kg -1 dry weight) were calculated by measuring the absorbance of the filtrate at 663 nm (D 663) and 645 nm (D 645) using the formula of Arnon (1949).
Arsenic determination
Half gram of dried tissues of each vetiver plant (Experiments I and II) and As-spiked soils were weighed into PTFE vessels and digested in 15 mL of HNO 3 (65 %), using a microwave Mars system (CEM Corporation, Matthews, NC, USA); the digested solutions were filtered through 0.45 µm filters and then diluted to 50 mL with deionized water. Total As concentration in the As-contaminated hydroponic solutions, leachate samples, and filtrates of dried vetiver tissues and As-spiked soils were determined using a Perkin Elmer Elan-9000 inductively coupled plasma mass spectrometry (ICP-MS).
The As detection limit of this method was 1.55· 10 -3 mg L -1 .
Statistical analysis
Mean values were compared by ANOVA and the Tukey's test at the significance level p < 0.05. Data on plant biomass, As concentration and content were treated by two-way ANOVA with factors As and AMF, and tested for normality using the Shapiro-Wilk test.
Results and Discussion
Plant growth and As toxicity
The growth of the vetiver plants (i.e., dry root and shoot weights) was markedly affected by the As treatments (p < 0.005), in both Experiments I and II (Tables 2 and 3) . On the contrary, the AMF inoculation influenced significantly (p < 0.001) only the growth of the vetiver plants of the Experiment II, particularly, the root dry weight. Increasing the concentration of As in the hydroponic solutions and As-spiked soils markedly decreased the biomass of the vetiver plants, indicating the phytotoxic effect of As (Tables 2 and 3) . These results are in agreement with Datta et al. (2011) and Truong (2000) , who reported vetiver growth in soils moderately contaminated by As, determining a significant decrease of vetiver biomass with increasing As concentration in the soil. In our study, the most severe toxic effect of As was found in the Experiment I; in fact, vetiver plants grown in the most As-contaminated hydroponic solution (500 µM) and As-spiked soil (50 mg kg -1 ) produced, on average, a total biomass 27% and 17%, respectively, lower than that produced by control plants in the absence of As. The vetiver plants exposed to the higher As levels (especially those of Experiment I) showed some typical phytotoxicity symptoms, such as yellowing and some necrosis at the tips; however, all the plants survived the study. Certainly, the full availability of the As in the contaminated hydroponic solutions exposed the vetiver plants to a greater abiotic stress, which also resulted in a lower development of the root system than that of the plants grown in the Asspiked soils.
The plants inculated plants produced higher biomass compared to the non-inoculated plants in both Experiments I and II, however, it was statistically significant (p < 0.001) only in the Experiment II (Tables 2 and 3 ). In this latter experiment, the total dry weights of the AMFinoculated vetiver plants were 8.9% (As 0 mg kg -1 ), 18.3% (12.5 mg kg -1 ), 5.1% (25 mg kg -1 ) and 14.7% (50 mg kg -1 ) higher than those of the non-inoculated plants. The positive effect of the AMF inoculation on the growth of the vetiver plants in Experiment II was essentially due to the higher development of their root system into the As-spiked soils. Recent studies on non-food (Chinese Brake fern) (Liu et al., 2005) and food (lettuce) plants have shown that the inoculation with AMF allows a better tolerance of plants to high concentrations of As in the contaminated soils, by producing a greater plant biomass and improving phosphorus status in plant tissues. In contrast, the total dry weights of the AMFinoculated vetiver plants grown hydroponically (Experiment I) were only 3.7% (As 0 µM), 4.0% (150 µM), 8.2% (300 µM) and 2.3% (500 µM) higher than those of the non-inoculated plants; in addition, we also found a negligible stimulatory effect of nutrient agar on vetiver growth (data not shown), by growing plants on a nutrient agar with general microbial population free of Glomus spp. spores.
Chlorophyll A and B concentrations in the vetiver leaves
The chlorophyll A and B concentrations in the vetiver leaves decreased significantly (p < 0.001) with increasing As level in both contaminated hydroponic solutions (Experiment I) ( Figure 1A ) and spiked soils (Experiment II) ( Figure 1B) . The accumulation of As in the leaf biomass has been demonstrated to reduce the photosynthetic rate (Marques and Anderson, 1986) . The inoculation of vetiver with Glomus spp. raised significantly the amount of chlorophylls A and B in the leaf biomass of plants grown hydroponically (p < 0.001); in particular, the leaves of the M+ vetiver plants grown in the 150 µM and 500 µM As-contaminated hydroponic solutions exhibited chlorophyll A and B concentrations of 28.3% and 40.3%, respectively, higher than those determined in the leaves of the M-plants ( Figure 1A) . However, the beneficial effect of the AMF inoculation on the amount of chlorophylls A and B in the vetiver leaves was not statistically significant in the Experiment II ( Figure 1B ). Higher presence of chlorophylls A and B in the leaves of AMF-inoculated vetiver plants were also found by Punamiya et al. (2010) , Table 3 . The root, shoot and total biomass of vetiver grass (Chrysopogon zizanioides L.) grown in As-spiked soils at harvest time.
Data are expressed as mean values ± SD (n = 3) and have been analyzed by two-way analysis of variance. Mean values followed by the same letter within columns are not significantly different by Tukey's test at the 5% level.
Total biomass is the sum of the root and shoot biomass. The As 0, As 12.5, As 25 and As 50 refer to As concentrations of 0, 12.5, 25 and 50 mg kg -1 , while the M + and M-refer to the presence or absence of AMF.
* The relative change (%) in root, shoot and total biomass was calculated by dividing the M -treatment by the M + treatment for each As level (e.g., reduction in root biomass of As 0 M -treatment (100 -(6.92/9.47 x 100) = 26.9 %). Effect of arbuscular mycorrhizal fungi Caporale et al
Arsenic concentration and content in vetiver tissues
Arsenic concentration (mg kg -1 ) and content (mg plant -1 ) in the roots and shoots of vetiver grass markedly increased (p < 0.0001) with increasing As level in both contaminated hydroponic solutions (Experiment I) ( Table 4 ) and spiked soils (Experiment II) ( Table 5 ). These results confirm the earlier reports that vetiver grass can successfully survive in As-contaminated systems, showing a good capability of tolerating high levels of As in its tissues (Datta et al., 2011; Truong, 2000) . As expected, vetiver plants grown hydroponically showed much higher As concentration and content than those of the plants grown in the soil (Tables 4 and 5) , indicating an easier and efficient As uptake by vetiver grass from hydroponic system, in which As is completely phyto available. Although the As concentration in the roots of vetiver plants grown hydroponically (Experiment I) was tendentially higher than shoots, most of the As taken up from the contaminated hydroponic solutions was translocated and accumulated in the shoots, as shown in Table 4 , which was in part due to the larger shoot biomass compared to the roots. On the contrary, the most of the As taken up from the As-spiked soils (Experiment II) was accumulated in the root system. Hence, a low translocation of As from roots to shoots of vetiver grass occurred when the plants were grown in soil. This behavior is similar to that reported by Datta et al. (2011) , studying As uptake by vetiver grass from contaminated soils. A higher translocation of As from roots to shoots of plants is certainly desirable for successful phytoremediation of As-contaminated soils, in which only the aboveground plant biomass is usually harvested and removed for disposal. The As uptake by vetiver plants was not significantly affected by the inoculation with commercial AMF inoculum containing Glomus spp., in both Experiment I and II (Tables 4 and  5 ). Significant differences (p < 0.05) between AMF and non-inoculated vetiver plants were just found in the roots of the plants in Experiment I ( Table 4 ). The effect of AMF inoculation on plant uptake of metal(loid)s is not clear (Leyval et al., 1997) . In AMF-inoculated plants, mycorrhizal phosphate transporters are activated (Rausch et al., 2001 ) and loss of function of the direct uptake pathway in colonized roots by AMF can apparently be complete (Smith et al., 2003) . The suppression of activity of high-affinity phosphate transporters in roots might also ameliorate As tolerance (Gonzalez-Chavez et al., 2002) . Moreover, by enhancing phosphorus status of the host plant, AMF usually promotes plant growth and consequently dilutes As in plant tissues (Liu et al., 2005; Dong et al., 2008) . On the other hand, it has been suggested that AMF-inoculated hyperaccumulator plants (Chinese Brake fern) enhanced their As uptake from contaminated soils, indicating an ameliorative effect of AMF on the phytoremediation of As-contaminated soils (Liu et al., 2005; Leung et al., 2006) .
Arsenic concentration in the contaminated hydroponic solutions and soils
Arsenic concentration in the contaminated hydroponic solutions (µM) and soils (mg kg -1 ) at harvest time of vetiver grass is reported in Figure 2 . Although lower final As concentrations were found in the hydroponic solutions of the AMF-inoculated vetiver plants than those of Effect of arbuscular mycorrhizal fungi Table 4 . Arsenic concentration (mg kg -1) and content (mg plant -1 ) in the roots and shoots of vetiver grass (Chrysopogon zizanioides L.) grown in As-contaminated hydroponic solutions. Data are expressed as mean values ± SD (n = 3) and have been analyzed by two-way analysis of variance. Mean values followed by the same letter within columns are not significantly different by Tukey's test at the 5% level.
As concentration in plant tissues
The As 0, As 150, As 300 and As 500 refer to As concentrations of 0, 150, 300 and 500 µM L -1, while the M + and M-refer to the presence or absence of AMF.
non-inoculated [2.81, 2.34 and 1.14% lower in 150, 300 and 500 µM solutions, respectively, (Figure 2A )], the effect of AMF inoculation on the drop of initial As concentration in the contaminated hydroponic solutions by plant uptake was not statistically significant. Absence of statistic significance of AMF inoculation was also found in the Experiment II, where the final As concentrations in the 12.5 and 50 mg kg -1 spiked soils of the AMF-inoculated vetiver plants were 2.22 and 1.54%, respectively, lower than those in soils of non-inoculated plants ( Figure 2B ). However, evaluating the percentages of As taken up by vetiver plants from As-contaminated hydroponic solutions ( Figure   3A ) and As-spiked soils ( Figure 3B ), we found a statistical significance of AMF inoculation in both Experiment I (p < 0.05) and Experiment II (p < 0.005). It is extremely interesting to note that the percentages of As taken up by vetiver plants from As-contaminated hydroponic solutions were, on average, an order of magnitude higher than those of plants grown in As-spiked soils ( Figure 3A and 3B). A more efficient As uptake by vetiver grass from contaminated hydroponic solutions than spiked soils also came out by comparing the mass balance of As of Experiment I ( Figure 4A ) with that of Experiment II ( Figure  4B ). This difference in As uptake by vetiver plants from hydroponic solutions versus soils Figure  4B ) also revealed a scant presence of a labile and free pool of As in the spiked soils. Similar percentages of As taken up by vetiver plants from different As-contaminated soils were also obtained by Datta et al. (2011) , who found that the higher the level of Al, Ca, Fe and Mg content in the soil the higher the As retention capacity and, hence, the lower the As taken up by vetiver grass.
The As 0, As 12.5, As 25 and As 50 refer to As concentrations of 0, 12.5, 25 and 50 mg kg -1 , while the M + and M-refer to the presence or absence of AMF. (Sarkar and Datta, 2004; Violante et al., 2010) . Therefore, the phytoavailability of As in the spiked soils was in part limited by the presence of Al and Fe (hydr)oxides. Effect of arbuscular mycorrhizal fungi Caporale et al 
Conclusions
The current study has provided useful information on the potential use of vetiver grass as pioneer plants for successful phytoremediation of Ascontaminated water and soil environments. The study highlighted an ameliorative effect of the AMF inoculation in enhancing plants growth, mainly by stimulating the development of their root system. A beneficial effect of the AMF on the As uptake by vetiver grass from contaminated hydroponic solutions and spiked soils was also found, although it was not always statistically significant (p < 0.05).
A more efficient As uptake by vetiver grass from contaminated hydroponic solutions than spiked soils was observed, essentially because of the higher phytoavailability in the former contaminated system. Interestingly, plants grown hydroponically also translocated higher amounts of As from their roots to the shoots. Therefore, the findings of this study reveals that the use of AMF-inoculated vetiver grass for phytoremediation purposes would be more appropriate to decontaminate As-contaminated waters when compared to soils.
